We recently proposed a method to constrain s-wave annihilating MeV dark matter from a combination of the Voyager 1 and the AMS-02 data on cosmic-ray electrons and positrons. Voyager 1 actually provides an unprecedented probe of dark matter annihilation to cosmic rays down to ∼ 10 MeV in an energy range where the signal is mostly immune to uncertainties in cosmic-ray propagation. In this article, we derive for the first time new constraints on p-wave annihilation down to the MeV mass range using cosmic-ray data. To proceed, we derive a self-consistent velocity distribution for the dark matter across the Milky Way by means of the Eddington inversion technique and its extension to anisotropic systems. As inputs, we consider state-of-the-art Galactic mass models including baryons and constrained on recent kinematic data. They allow for both a cored or a cuspy halo. We then calculate the flux of cosmic-ray electrons and positrons induced by p-wave annihilating dark matter and obtain very stringent limits in the MeV mass range, robustly excluding cross sections greater than ∼ 10 −22 cm 3 /s (including theoretical uncertainties), about 5 orders of magnitude better than current CMB constraints. This limit assumes that dark matter annihilation is the sole source of cosmic rays and could therefore be made even more stringent when reliable models of astrophysical backgrounds are included. 95.35.+d,98.35.Gi,98.70.Sa Thermal dark matter (DM) is one of the most appealing DM scenarios owing to its simplicity and to the fact that it can be experimentally or observationally tested. It predicts that DM is made of exotic particles with couplings to known elementary particles, such that they can be produced in the early universe and driven to thermal equilibrium before their comoving abundance is frozen as expansion takes over annihilation [1, 2] . If this decoupling occurs when DM is nonrelativistic, we are left with cold DM (CDM), leading to a compelling cosmological structure formation scenario [3] . A prototypical candidate is the WIMP (weakly-interacting massive particle), which is currently actively searched for by a series of experiments. If the dark sector is not overly complex, the typical relevant mass range for DM particles exhibiting a thermal spectrum is ∼ 10 keV-100 TeV, which is bound from below by structure formation [4] [5] [6] [7] [8] , and from above by unitarity limits [9] . The lower mass bound can be raised up to the MeV scale for WIMPs arising in minimal dark sectors [10] , still leaving a wide range of possibilities [11] . The GeV-TeV scale is already under assault thanks to the direct and indirect detection techniques (for reviews, see e.g. [12] [13] [14] [15] ), and also thanks to particle colliders (e.g. [16, 17] ). However, the sub-GeV and * boudaud@lpthe.jussieu.fr † thomas.lacroix@lupm.in2p3.fr ‡ martin.stref@umontpellier.fr § lavalle@in2p3.fr multi-TeV mass ranges are much less constrained and represent very interesting windows yet to be explored, with the former potentially leading to interesting cosmological signatures [10, 18] . In this letter, we will mostly focus on the sub-GeV scale. The annihilation properties of WIMPs usually help define the most relevant search strategy. The annihilation rate, proportional to the average velocity-weighted annihilation cross section σv , is constrained at the time of chemical decoupling by the cosmological DM abundance [1, [19] [20] [21] . In the CDM scenario, WIMPs decouple when nonrelativistic in the early universe at a temperature T f = m χ /x f , where m χ is the WIMP mass and x f ∼ 20. In most cases, the annihilation cross section can be expanded in powers of
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The annihilation properties of WIMPs usually help define the most relevant search strategy. The annihilation rate, proportional to the average velocity-weighted annihilation cross section σv , is constrained at the time of chemical decoupling by the cosmological DM abundance [1, [19] [20] [21] . In the CDM scenario, WIMPs decouple when nonrelativistic in the early universe at a temperature T f = m χ /x f , where m χ is the WIMP mass and x f ∼ 20. In most cases, the annihilation cross section can be expanded in powers of
1 (see some exceptions in [22] ). Making the units explicit, we may write this expansion as σv = σv s-wave + σv p-wave + higher orders (1)
where σ 0 and σ 1 are model-dependent cross-section terms that encode the WIMP interaction properties, v r c is the relative WIMP speed (in a 2-particle system), c is the speed of light, and denotes an average over the velocity distribution.
1 This form is particularly well suited to con-sistently compare the constraints coming from very different probes. The speed-independent term ∝ σ 0 is called s-wave annihilation in analogy with the partial-wave expansion technique. WIMPs annihilating through s-wave terms can easily be probed by indirect searches because they efficiently annihilate in regions and/or epochs where DM is locally dense enough. This is for example the case at the time of recombination when the cosmic microwave background (CMB) was emitted, or in the centers of galactic halos in the present universe. The next annihilation term ∝ σ 1 is called p-wave annihilation. In the following, we will concentrate on the latter and assume that σ 0 = 0. The WIMP relic abundance sets constraints on the annihilation cross section at a speed -or inverse temperature-in the early universe (v 2 ∼ 3 T /m χ ∼ 0.15), typically much larger than that in galactic halos (v 2 ∼ 10 −6 ), and even much larger than at the recombination epoch (v 2 ∼ 10 −9 ). This has no impact on the swave annihilation rate which only depends on the squared DM density, but makes p-wave annihilation much more difficult to probe with indirect searches. Instead, p-wave annihilating WIMPs can be more efficiently probed by direct searches, because rotated annihilation Feynmann diagrams correspond to elastic scattering which is usually not velocity-suppressed when annihilation is. A classical example is that of fermionic WIMPs annihilating into standard model fermions through a neutral scalar mediator in the s-channel [23] . However, direct DM searches are currently mostly efficient in the GeV-TeV mass range [24] , leaving the sub-GeV mass range unexplored (but see [25, 26] ).
We recently derived [27] strong constraints on swave annihilating MeV DM from measurements of MeV cosmic-ray (CR) electrons and positrons by the famous Voyager 1 (V1) spacecraft, launched in 1977 [28] . V1 crossed the heliopause in 2012, which has allowed it to collect interstellar sub-GeV CRs prevented by the solar magnetic field from reaching the Earth [29, 30] . Our bounds were extended to ∼TeV energies thanks to the AMS-02 data on positron CRs [31] . These limits are nicely complementary to those extracted from the CMB data [32] [33] [34] [35] [36] , a completely different probe. In the present article, we go beyond these results and compute the V1 and AMS-02 constraints on p-wave annihilation in detail. As we will see, in contrast to the s-wave case, these constraints will be much more stringent than those inferred from the CMB [35] or the diffuse extragalactic gammaray background (EGB) [37, 38] .
In the p-wave annihilation rate, the cross section no longer factorizes out of the volume integral of the squared Boltzmann distribution is assumed for WIMPs, the expansion is often made in terms of inverse powers of x ≡ mχ/T , T being the WIMP temperature. The correspondence with Eq. (1) is σ 1 v 2 r ↔ (3/2)σ 1 /x, here in natural units. For a computation in galactic halos, the speed vr to average over is the relative speed between annihilating particles. WIMP mass density ρ 2 . Indeed, the cross section has an explicit relative-speed dependence which is itself expected to vary across the Galactic halo. Therefore, the source term for the injection of CR electrons and positrons becomes:
where δ χ = 1 (1/2) for Majorana (Dirac) DM fermions, dN e + /e − /dE is the injected electron-positron spectrum, and f v ( v, x) is the normalized WIMP velocity distribution that depends on the position in the Milky Way (MW). For each annihilation final state, the injected CR spectrum will be determined from the Micromegas numerical package [39] , based on the Pythia Monte Carlo generator [40] . All allowed final-state radiation processes are included. Equation (3) shows that an important input in the p-wave signal is the velocity distribution function (DF) of WIMPs in the system of interest. In many p-wave studies, the latter is often assumed to be a MaxwellBoltzmann (MB) distribution, either with a constant velocity dispersion, or using the circular velocity as a proxy for the velocity dispersion. While the MB approximation is perfectly sound in the early universe up to CMB times, it is much more dubious in galaxies, which do not behave as isothermal spheres, especially in the densest central regions [41, 42] . In this work, we adopt a more theoretically motivated approach based on the Eddington inversion method [43] , which relates the phase-space DF of WIMPs to their mass density profile and the total potential of the MW (including baryons) -see Ref. [44] for an extensive critical review, to which we refer the reader for all technical details, e.g. the calculation of Eq. (3) (see also [45] [46] [47] ). This approach allows us to describe isotropic as well as anisotropic systems [48] [49] [50] , assuming spherical symmetry for the dark halo and the total gravitational potential. This actually provides a much better predictive description of hydrodynamical cosmological simulations than the MB approximation, even in the maximally symmetric approximation (spherical symmetry and isotropy), especially in the central regions of galactic halos [51] .
To compute the phase-space DF of WIMPs from the Eddington inversion method, we use the Galactic mass model of Ref. [52] , which is constrained against a series of recent kinematic data. It includes a spherical DM halo (scaling in radius r as ∝ r −γ in the center, with γ ∈ [0, 1], and as ∝ r −3 at large radii), and baryonic components comprising a bulge and three disks (the thin and thick stellar disks, and a gaseous disk). All baryonic components are "sphericized" to compute the DM DF [44] . To account for uncertainties in the DM anisotropy, we considered both isotropic and anisotropic DFs. In the latter case, we explore a wide range of possibilities by using both the radially anisotropic Osipkov-Merritt (OM) model with an anisotropy radius r a set to the scale radius r s of the DM halo profile, and a tangentially anisotropic model with a constant anisotropy parameter β = −0.3. To further account for uncertainties in the dark halo shape, we consider two inner-profile indices, γ = 1/4 (coredlike profile) and γ = 1 (cuspy profileà la Navarro-Frenk-White (NFW) [53, 54] ). Taking a fully cored profile would break necessary conditions for dynamical stability of the DF [44] . Disregarding stability of the DF and forcing γ = 0 would anyway provide results very similar to γ = 0.25, which is therefore a very conservative case.
Equation (2) is the source term of a steady-state CR transport equation [55, 56] , whose parameters (related to spatial diffusion, energy losses, reacceleration, and convection) are standardly calibrated on secondaryto-primary ratios [14, [57] [58] [59] [60] [61] [62] [63] . In the context of electron and positron CRs, we can solve this equation by means of the pinching semianalytical method introduced in Ref. [64] , compatible with the USINE framework [63] . This method capitalizes over previous analytical developments optimized for energies beyond the GeV [65] [66] [67] , but improves on the low-energy part where radiative energy losses in the disk, diffusive reacceleration, and convection can dominate over spatial diffusion. It basically allows us to recast an equation where part of the energy losses occurs all over the magnetic halo by another analytically solvable equation where all losses are pinched into an infinitely thin disk (see also [68] ) -this limit is justified as the Galactic disk half-height h ∼ 100 pc is much smaller than that of the magnetic halo, L 5 kpc [64, 69, 70] . Both equations have solutions strictly equivalent in the disk, and the latter can hence be used in the context of local DM searches. In this work (and [71] ), we slightly modify it to get more accurate results when the propagation length gets smaller than h, in which case the pinching approximation breaks down. In this regime, however, the spatial boundaries of the magnetic halo become irrelevant such that the infinite three-dimensional solution [67, 68, 72] safely applies. This typically occurs at energies close to the injected energy. This correction is therefore important to accurately compute the local flux induced by a quasimonochromatic injection, like in the process χχ → e + e − (γ). A nonsingular transition is further easily implemented between the two regimes. The same approach is used to predict the secondary positron background induced by the scattering of CR nuclei off the interstellar medium (ISM), and provides better precision than previous similar calculations [64, 68, 72, 73] . While we expect additional primary contributions in the sub-GeV range from electron-positron sources like pulsars [72, [74] [75] [76] [77] [78] , likely responsible for the rise in the positron fraction beyond a few GeV [79] [80] [81] , we will not include them here because associated predictions are still plagued with large theoretical uncertainties. Therefore, our limits on DM annihilation can be considered as very conservative.
For CR propagation, we use two extreme cases identified in Ref. [27] : one with strong reacceleration (model A), allowing CR electrons and positrons to get energies higher than the WIMP mass in the MeV range; another with negligible reacceleration (model B). In both cases, energy losses in the MeV range have a timescale much smaller than the then subdominant spatial diffusion and convection processes (no longer true in the GeV range). Model A is the MAX model proposed in [59, 83] , whose main feature beside a pseudo-Alfven velocity V a ∼ 100 km/s is a large magnetic halo with L = 15 kpc, making it a very optimistic setup for DM signal predictions. Though calibrated on old secondary-to-primary CR data, this setup is still valid for its general characteristics [84] . Model B is the model of Ref. [70] best fitting the recent AMS-02 B/C data [85] , and accounting for a spectral break in the diffusion coefficient [86] [87] [88] [89] [90] [91] [92] [93] . It is very conservative because it assumes the smallest possible magnetic halo with L = 4.1 kpc [69, 70, 94] (hence minimizing the yield from DM annihilation), and has negligible reacceleration, reducing the flux predictions below a few GeV.
Since losses in the MeV range are caused by radiative interactions with the ISM, whose average properties over ∼ 100-pc scales are well controlled [95, 96] , uncertainties in the diffusion parameters have no impact on predictions in this energy range. Model B thus provides a robust and conservative limit as far as interstellar CR propagation is concerned [27] . Moreover, for predictions associated with the energy range covered by V1, solar modulation of CRs [97] is irrelevant and does not contribute additional uncertainties. In the AMS-02 range (∼GeV and above), we use the so-called force-field approximation [98, 99] to deal with solar modulation, with a conservative Fisk potential estimate of φ = 830 MV [100] . In the GeV range, spatial diffusion takes over, and propagation uncertainties can in principle be larger. However, above a few tens of GeV, inverse Compton and synchrotron losses become the main transport processes and propagation uncertainties reduce to those in the magnetic and interstellar radiation fields (B-field [101, 102] and ISRF [103] )-in this high-energy limit, both propagation models converge, and solar modulation becomes irrelevant again. Uncertainties related to the DM density profile are estimated by considering both the coredlike and NFW profiles introduced above, whose fits to kinematic data provide a very similar local DM density ρ 0.01 M /pc 3 [52] . We also evaluate the impact of uncertainties in the velocity DF by considering both radially and tangentially anisotropic DFs, beside a reference isotropic DF.
We get limits on the p-wave cross section of Eq. (1) as are the limits obtained with the CMB [34] [35] [36] , IGM [35] , EGB [37, 38] , and gamma-ray observations of dwarf galaxies [82] . Left panel: coredlike DM density profile with γ = 0.25 [52] . Right panel: cuspy DM density profile with γ = 1 [52] .
a function of the WIMP mass assuming a full annihilation in e + e − (γ). Our results are shown in Fig. 1 , where the left (right) panel corresponds to the γ = 0.25 (1) halo profile. We also show complementary bounds obtained with the CMB [34, 35] (purple) rescaled to the latest Planck results [36] , the high-redshift intergalactic medium (IGM) temperature [35] (orange), the diffuse EGB [37, 38] (red), and gamma-ray observations of MW-satellite dwarf galaxies [82] (dark green curve). The CMB bound extrapolates the one obtained for s-wave annihilation by assuming a MB DF with a temperature at redshift ∼ 600 that depends on the WIMP kinetic decoupling temperature T kd . We adopt two extreme values for the ratio x kd = m χ /T kd , 10 2 and 10 4 , to cover most of the relevant parameter (the CMB limit is ∝ x −1 kd ).
Our limits are shown for both propagation models A (green) and B (blue curve), and the region for which solar modulation of CRs is irrelevant (relevant) is indicated as "SMod insensitive" ("SMod sensitive"). The associated shaded areas account for uncertainties induced by the unknown anisotropy of the WIMP DF. As stressed above, the limit obtained for model B is conservative. Moreover, associated propagation uncertainties in the V1 sub-GeV region reduce to those in the low-energy energy losses, which are very small. This conservative result is strikingly more constraining than complementary searches, by more than two orders of magnitude in the 5-100 MeV mass range, making CRs remarkable probes of p-wave annihilation. This contrasts with constraints on s-wave annihilation, for which CMB bounds are stronger. Indeed, in the p-wave case, the CMB probe is penalized by a DM "temperature" much lower at the recombination epoch than in virialized halos today. Moreover, the CR probe has the advantage over gamma-ray observations that predictions saturate the data with very small annihilation cross sections without including any background. The secondary background is actually completely negligible in the V1 energy range [27] , while it gets close to the low-energy AMS-02 positron data though in a regime where solar modulation matters.
The limits obtained with model B relax around 0.1-1 GeV because there is no data available between the V1 range and the AMS-02 one. This gap can still be probed by AMS-02 if propagation is characterized by a significant re-acceleration, like in model A. In that case, the low-energy limits extend below the V1 energy threshold.
We note that our strongly improved limit lies now only at two orders of magnitude from the p-wave cross section required for the correct WIMP abundance, ∼ 10 −24 cm 3 /s. Moreover, we stress that it already excludes some interesting WIMP models with enriched dark sectors, e.g. that of Ref. [104] . Our work thus provides stringent constraints on particle model building along this line. We give additional details about how we infer the prediction uncertainties from the both those in the phase-space distribution and in the halo profile, as well as predictions for other annihilation channels, in the appendices.
To summarize, we have used the electron and positron data from V1 and the positron data from AMS-02 to constrain p-wave annihilating DM. We have obtained limits that are much more stringent than those derived from complementary astrophysical messengers in the MeVTeV energy range. Those derived for our very conservative model B are very robust in the V1 range (below the GeV), because the flux predictions then only depend on the average ISM properties, on the halo model, and on the anisotropy level in the DM DF. We have shown in Fig. 1 that using a kinematically constrained cored vs. cuspy halo does not alter our result, nor does spanning different anisotropy configurations. Moreover, above few tens of GeV, solar modulation gets irrelevant again, and CR propagation is then set by inverse-Compton and synchrotron losses, for which uncertainties reduce to those in the local ISRF and B-field. We emphasize that these limits could be made even more severe if additional astrophysical primary contributions were considered [105] . This will likely be done in the future when more detailed low-energy CR studies succeed in more reliably modeling the yield from these astrophysical sources.
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We wish to thank Pierre Salati for early participation in this project. We also thank Alan C. In this section, we show the detailed results obtained for the effective squared density profile defined in Eq. (3). They are displayed on Fig. 2 . The original squared profile are shown in blue (γ = 0.25) and red (γ = 1) crosses (rescaled by a factor of ∼ 10 −6 ∼ (σ v /c) 2 , where σ v is the velocity dispersion in the Milky Way), while the velocitycorrected profiles are shown in solid (dashed, dot-dashed, and dotted) curves for the isotropic (constant tangential anisotropy, spatial-dependent radial anisotropy, and Maxwellian) velocity DF. The bottom part of the plot shows the residuals with respect to the isotropic, reference case. For the Maxwellian calculation, the velocity dispersion is taken proportional to the circular velocity, consistently with the isothermal sphere approximation [42] . We see that the velocity-weighted squared profiles lead to suppressed annihilation luminosity with respect to the standard case. We also see that the MaxwellBoltzmann approximation strongly undershoots the luminosity arising from the other predictions, which turn out to be much better supported both by theory and simulations [44, 51] . We have discarded the unrealistic Maxwellian case from our limits. Note that when going to CR flux predictions, diffusion plays the role of averaging the luminosity over the CR horizon which is set by the dominant transport process at a given energy. Therefore, to figure out the local CR yield induced by DM p-wave annihilation, one needs to average the effective luminosity over the relevant volume around the observer, who sits at r ∼ 8 kpc from the Galactic center.
Appendix B: Bounds on various annihilation channels
In Fig. 3 , we show the conservative limits we get for different annihilation final states (propagation model B, and cored-like halo profile with γ = 0.25). We see that for final-state particle masses above a few GeV, limits are dominated by the AMS-02 data. In contrast, the Voyager data are very powerful in constraining leptonic channels. 
Appendix C: Detailed view on theoretical uncertainties
In this section, we provide additional details about the origin of the uncertainties that were featured as shaded areas around the limits shown in Fig. 1 . They originate from the different assumptions made for the anisotropy in the velocity DF, which is not firmly predicted by the nonlinear theory and could therefore vary from a galaxy to another. In order to span the most likely configurations, we adopted two contrasting cases, one with constant tangential anisoptropy, another with spatial-dependent radial (OM) anisotropy, on top on the isotropic Eddington case and the simplistic Maxwellian approximation. The limits obtained for these different configurations are shown in Fig. 4 . The top (bottom) panels correspond to the cored-like (NFW) halo with γ = 0.25 (γ = 1). The left (right) panels are associated with CR predictions made with optimistic (very conservative) propagation model A (B) that is characterized by a strong reacceleration and L = 15 kpc (no reacceleration and L = 4.1 kpc). All panels display the limits obtained for all the velocity DFs mentioned above. These results can be easily interpreted from the hierarchy in the luminosity yield shown in Fig. 2 . 
